Thermodynamic Analysis of Hydrogen Production from Ethanol-glycerol Mixture Through Dry Reforming  by Zakaria, Z.Y. et al.
 Energy Procedia  61 ( 2014 )  2391 – 2394 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of ICAE2014
doi: 10.1016/j.egypro.2014.12.012 
The 6th International Conference on Applied Energy – ICAE2014 
Thermodynamic analysis of hydrogen production from 
ethanol-glycerol mixture through dry reforming 
Z.Y. Zakariaa,*, M. Jusoha, A. Joharia, M.A.A. Zainia, F.H. Kasimb 
aFaculty of Chemical Engineering, Universiti Teknologi Malaysia, 81310 UTM Skudai Johor, Malaysia 
bSchool of Bioprocess Engineering, Universiti Malaysia Perlis, 01000, Kangar, Perlis, Malaysia 
Abstract 
Thermodynamic properties of ethanol-glycerol dry reforming have been studied with the method of Gibbs free energy 
minimization for hydrogen production from ethanol-glycerol mixture. Equilibrium compositions were determined as 
a function of CO2/ethanol-glycerol molar ratios (CEG)(1:1-12:1) where ethanol-glycerol is 1:1; reforming 
temperatures (573-1273 K) at different pressures (1-50 bar). Optimum conditions for hydrogen production are 
temperatures between 1073 and 1273 K and CEG of 1:1 at 1 bar pressure, whereas temperatures above 1073 K and 
CEG ratio 1:1 and 1 bar are suitable for the production of synthesis gas. Higher pressure and higher CEG ratio does 
not encourage hydrogen formation. Under identified optimum conditions, carbon formation can be 
thermodynamically inhibited 
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1. Introduction 
Hydrogen is deemed as the most suitable alternative for future energy to reduce the dependence on 
fossil fuels and carbon emissions. Presently, hydrogen is produced from hydrocarbon reforming and 
electrolysis processes [1]. Carbon oxides produced by steam reforming of fossil fuels would contribute to 
greenhouse effect. The increasing demand as well as anticipated limits on CO2 emissions urge for new 
processes which are more environmentally friendly and economical for hydrogen production. Glycerol, a 
byproduct of biodiesel production by transesterification of vegetable oils and methanol, has been 
considered an excellent candidate for hydrogen production. Coupled with ethanol, the utilization of 
glycerol to produce hydrogen could potentially reduce the production costs of biodiesel [2].  
Production of hydrogen by glycerol steam reforming [3] and ethanol steam reforming [4] have been 
widely investigated. Less is known about glycerol dry reforming and ethanol dry reforming [5]. None has 
been found about ethanol-glycerol dry reforming to hydrogen. Ethanol-glycerol reforming with CO2 could 
be an attractive process. This is because ethanol-glycerol dry reforming will convert CO2 into hydrogen 
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and CO (synthesis gas) or high value-added inert carbon and remove it from the carbon biosphere cycle. 
Earlier, ethanol dry reforming studies shown that CO2 can be sequestered and carbon deposits in the form 
of marketable carbon nanofilaments (CNF)[5]. Ethanol-glycerol dry reforming is expected to show similar 
properties. Moreover, since glycerol has more carbon atoms than ethanol, it may be more likely that the 
combination of ethanol-glycerol produce more CNF. To the best of our knowledgement, no literature has 
been reported regarding the ethanol-glycerol dry reforming. Therefore, such thermodynamic properties 
could be significant as a first step. 
The aim of this work is to understand the possibility of ethanol-glycerol dry reforming for hydrogen 
production employing the total Gibbs free energy minimization method. Our results attempt to illustrate 
the effects of the process variables [CO2 to ethanol-glycerol ratio (CEG), temperature and pressure] and 
the carbon formation in ethanol-glycerol dry reforming.  
2. Methodology 
A procedure taking account of chemical species for swifter general computer solution was carried out 
based on minimization of the total Gibbs energy using HSC Chemistry version 5.1 software. The Gibbs 
program finds the most stable species combination and seeks the phase compositions where the Gibbs 
energy of the system reaches its minimum at a fixed mass balance, constant pressure and temperature. 
The species considered in this study were ethanol, glycerol and CO2 as feed. Meanwhile, hydrogen, 
carbon monoxide and coke were the reaction products. The reaction products were assumed to be in 
thermodynamic equilibrium at the exit of the reactor. The total number of moles of the reactants including 
ethanol-glycerol and CO2 were fixed at 2. The operating temperature range was between 573 and 1273 K 
while CO2 : ethanol-glycerol was 1:1, 3:1, 6:1, 9:1 and 12:1. At all conditions, 1 bar pressure was used. 
Complete (100%) conversion of ethanol-glycerol and positive product yields were observed in all the 
considered cases, indicating the feasibility of the ethanol-glycerol dry reforming process. 
3. Results and Discussion 
       An important advantage from dry reforming process is that CO2 can be converted into synthesis gas 
or sequestered and removed from the carbon biosphere cycle [6]. Fig. 1(a) shows moles of CO2 versus 
temperature at different CEGs at 1 bar. Moles of CO2 at equilibrium reach a maximum between 700 K 
and 800 K depending on the CEG ratio. This can be attributed to the reformation of CO2 with CH4 where 
high temperature favours the conversion of CO2 [7]. It can be observed that the moles of CO2 at 
equilibrium are less than initial input quantities which is a positive sign. Fig. 1(b) illustrates the 
production of hydrogen versus temperature at different CEGs at 1 bar. Moles of hydrogen produced 
increases with the temperature. Rapid hydrogen production can be observed from CEG 1:1, whereas CEG 
1:12 generate the lowest amount of hydrogen. The number of moles of hydrogen increases with 
increasing temperature, goes through a maximum around 1173 K for CEG 1:1 and 973 K for CEG 1:3 
and 1:6, then decreases at higher temperatures. Moles of hydrogen decrease together with CO2 over 
specific temperatures. At which hydrogen production maximizes, moles of CO increase. This can be 
explained by the water gas shift reaction (eq. 1).  
CO(g) + H2O(g) ļ H2(g) + CO2(g) 
 
Fig. 1(c) shows moles of CO versus temperature at different CEGs at 1 bar. Low CEG and high 
temperature favour CO production. High concentration of CO in equilibrium is not feasible for hydrogen 
(1)
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application in fuel cell. However it provides a good prospect for synthesis gas production. At temperature 
lower than 773 K, formation of CO can be considered negligible. 
 
 
 
 
Figure 1. Moles of (a) CO2, (b) H2 (c) CO and (d) C in catalytic ethanol-glycerol dry reforming to light olefin at 1 bar. 
 
Fig. 1(d) shows moles of coke (C) versus temperature at different CEGs at 1 bar. These reactions are 
easily influenced by operational parameters due to their relatively lower equilibrium constants [8]. It can 
be observed from Fig. 1(d) that disproportionation reaction, famously know as Boudard reaction (eq. 2) is 
predominant. The existence of carbon can poison catalysts in reforming reactions. However, as can be 
observed, no carbon is produced under conditions which are optimized for hydrogen production. Moles of 
carbon increase with the decrease in CEG but decrease with increasing temperature. The amount of solid 
carbon determined from experiments is usually much larger than that from thermodynamic analysis. This 
is mainly because once carbon is formed it is readily accumulated. However, CNF, a high value product, 
will be produced if suitable catalysts are used.  
 
2CO(g) ļ CO2(g) + C(s) 
 
The effect of both temperature and pressure for CEG 1:1 was further analyzed towards the formation 
of hydrogen. More hydrogen is formed with increase in temperature but at lower pressure. Higher 
pressure inhibits the production of hydrogen, consistent with the study performed by Wang et al [6]. 
Hydrogen produced from ethanol-glycerol is within the range of those reported earlier [5-6]. 
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Figure 2.Contour plot of hydrogen formation (in moles) as a function of temperature and pressure for CEG 1:1. 
4. Conclusion 
Thermodynamic equilibrium favours the production of hydrogen and syngas production. CEG 1:1, 
temperature between 1073 to 1273 and 1 bar pressure produced the most hydrogen. Higher pressure and 
higher CEG inhibit the formation of hydrogen. 
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